Microglia play a pivotal role in maintaining homeostasis of the CNS. There is growing interest in understanding how microglia influence normal brain function and disease progression. Several microglia-specific Cx3cr1-Cre lines have been developed and have become indispensable tools in many investigations of microglial function. However, some recent studies have reported that these lines may have significant leakage into neurons. Other studies have reported that Cx3cr1 is expressed in non-microglial cells, including neurons and astrocytes, in vitro or in vivo either during brain development or upon neurological insult. All these reports raise serious concerns about the trustworthiness of these Cre-lines and whether the conclusions drawn from previous studies are valid. Here, we found that a floxed fluorescent reporter mouse line which has been frequently used to verify Cre lines displayed spontaneous expression of the GFP reporter, independent of Cre recombinase, thus revealing a potential caveat in assessing cre lines. We further confirmed that two Cx3cr1-Cre mouse lines can drive fluorescent reporter expression largely restrictively in microglia. Finally, we clarified that these two mouse lines maintain microgliaspecific expression even following excitatory injury. Together, our findings confirm that two previously created Cx3cr1-Cre lines remain as invaluable tools for studying microglia. Moreover, to ensure the quality of data generated and the soundness of conclusions drawn from such data, it should be compulsory to thoroughly examine reporter lines for spontaneous leakiness when labeling cells to study CNS function and diseases.
Introduction
Microglia are present nearly uniformly throughout the entire central nervous system, where they constantly prune synapses and repair minor injuries. Microglia are also the chief resident immune cells, part of the innate immune response to "danger" signals. Genetic tools that specifically target microglia are essential for unlocking the roles of microglia in the CNS and neurologic diseases.
Endogenous Cx3cr1 is a selective marker for microglia in the CNS, whereas its ligand fractalkine is expressed in neurons. Several mouse lines have been created for studying microglia (Wieghofer and Prinz, 2016) . The Cx3cr1-GFP reporter line (stock #005582; The Jackson Laboratory) was created by replacing the coding part of the Cx3cr1 gene with green fluorescent protein (GFP; Jung et al., 2000) . This reporter line has been widely used to label microglia for visualization. The expression pattern of Cx3cr1-driven GFP reporter is specific to microglia over the entire period of postnatal brain development and appears to be maintained even following an excitatory injury (Kim et al., 2015) . Using a BAC transgenic strategy, two constitutive and two inducible Cx3cr1 promoterdriving cre lines were created (Gong et al., 2003 (Gong et al., , 2007 Parkhurst et al., 2013; Yona et al., 2013; Peng et al., 2016) . The constitutive Cx3cr1-cre line created by Jung et al. (2000; stock #025524 ; The Jackson Laboratory) was recently reported to have significant leakage into neurons (Haimon et al., 2018; Zhang et al., 2018) . Another constitutive Cx3cr1-Cre line was developed by the Mutant Mouse Resource and Research Center (MMRRC). This line was reported to drive microglial-specific expression of a reporter (also created by MMRRC) in the majority of animals examined (Hwang et al., 2017) . However, ϳ10% of the animals displayed significant leakage into neurons (Hwang et al., 2017) . In another study, this line was reported to drive the expression of mT/mG reporter (stock #007676; The Jackson Laboratory) selectively in microglia (Zhao et al., 2018) . Two Cx3cr1-CreERT2 inducible lines were created separately by two laboratories. In initial studies, these lines were found to deliver microglialspecific expression (Parkhurst et al., 2013; Yona et al., 2013) . However, a recent study found that one of these inducible lines displays significant leakage of the RosaGreen reporter (stock #007906; The Jackson Laboratory) into neurons (Zhang et al., 2018) . It is unclear why the leakage into neurons varies among the different Cx3cr1-cre lines and studies (Parkhurst et al., 2013; Hwang et al., 2017; Zhang et al., 2018; Zhao et al., 2018) , but the problem has raised concerns about whether there is a reliable cre-line that targets microglia with good specificity. Moreover, investigators now hesitate to use these lines and some have questioned the validity of the data generated in the previous studies (Parkhurst et al., 2013; Hwang et al., 2017; Zhang et al., 2018; Zhao et al., 2018) . Lack of validated cre lines that specifically target microglia would be a significant setback to the field. Therefore, it is imperative to understand how the variable leakiness among these lines is occurring and how it might be rectified. Here, we performed a thorough characterization of three popular GFP reporter lines, along with two Cx3cr1 promoter-driven Cre lines.
Materials and Methods

Animals
Male and female mice were housed in a pathogenfree, temperature-controlled, and humidity-controlled facility with a 12/12 h light/dark cycle (lights on at 7 A.M.) and given ad libitum access to food and water. All experiments were performed according to the guidelines set by the Institutional Animal Care and Use Committee as well as the National tm4(ACTB-tdTomato,-EGFP)Luo/J (hereafter ref e r r e d t o a s m T / m G f / f ; s t o c k # 0 0 7 6 7 6 ) , a n d B6.129P2(C)-Cx3cr1 tm2.1(cre/ERT2)Jung/J (hereafter referred to as Cx3cr1-CreERT2; stock #020940) were acquired from The Jackson Laboratory. Tg(Cx3cr1-Cre)MW126Gsat/Mmucd (hereafter referred to as Cx3cr1-CreM; stock #036395-UCD) mice were acquired from the MMRRC (Table 1) .
Antibodies, immunohistochemistry (IHC), and acquisition of images
Male and female mice were anesthetized with pentobarbital (100 mg/kg, i.p.) and transcardially perfused with PBS followed by 4% paraformaldehyde (PFA) in PBS, pH 7.4. Brains were post-fixed overnight in 4% PFA buffer, followed by cryoprotection in 30% sucrose in PBS for at least 48 h. Mouse brains were then embedded in Neg-50 frozen section medium (Fisher Scientific) and sectioned using a cryostat at 35 m for all histologic analyses. Brain coronal sections with similar anatomic locations (near bregma -2 mm position based on the mouse brain atlas) were selected for all histologic analyses. Brain sections were washed with PBS, blocked and permeabilized with 10% BSA (Sigma) and 0.3% Triton X-100 (Sigma) in PBS at room temperature for 1 h. Brains were stained with rabbit anti-GFP (1:2000; catalog #ab290; Abcam), rabbit anti-Iba1 (1:400; catalog #019-19471; Wako), rabbit antiNeuN (1:400; catalog #24307; Cell Signaling Technology; Subbanna et al., 2018) , mouse anti-NeuN (1:250; catalog #MAB377; Millipore; Sahay et al., 2011) , and rabbit anti-GFAP (1:500; catalog #AB5541; Millipore) ( Table 1) . Sections were incubated with primary antibodies overnight at 4°C, and then washed with PBS for 5 min and repeated three times, followed by incubation with appropriate fluorescent-conjugated secondary antibodies for 2 h at room temperature. For brain sections that needed to be stained with goat anti-Iba1 (1:250; catalog #NB100-1028; Novus Biologicals), free-floating sections were permeabilized and blocked with blocking buffer containing 0.3% Triton X-100 and 5% normal donkey serum in PBS at room temperature for 1 h. Sections were then incubated with goat anti-Iba1 diluted in blocking buffer overnight at 4°C, and then washed with PBS for 5 min and repeated three times, followed by incubation with appropriate fluorescent-conjugated secondary antibodies diluted in blocking buffer for 2 h at room temperature. Nuclei were counterstained with DAPI (Sigma) and coverslips were applied with Fluoromount G (Southern Biotech) and sealed with nail polish. Co-immunostaining requires the consideration of the compatibility of antibody host species. Therefore, two pairs of anti-Iba1 and anti-NeuN antibodies have been used to detect microglia and neurons, respectively, in the present study and explicitly noted in the figure legends. Both pairs of antibodies are cell-type specific (Extended Data Fig. 1-3A,B ) . Lycopersicon esculentum lectin was used to label the endothelial cells of the blood vessels (Mazzetti et al., 2004) . All representative images were acquired using a Zeiss LSM 880 confocal microscope with Airyscan and processed with Zen black 2.1 or Zen blue lite 2.3 (Carl Zeiss). Images were acquired using the tiles and positions module and a 25ϫ water objective lens. Each tile represents a z-stack of 15 images at 1-m intervals acquired from a single position, and images (tiles) from a series of positions were stitched together, followed by maximal intensity projection to form a 2-D image as presented. For quantification of Iba1-positive, NeuN-positive, and GFAP-positive cells, a full mosaic of entire brain sections was acquired using a Neurolucida imaging system (MBF Bioscience), under a 10ϫ lens and quantified with Neurolucida software. Microglia within the areas of the M1 motor cortex around Layer IV, the hippocampal radiatum layer adjacent to pyramidal CA1, the stratum lucidum adjacent to CA3, and the dentate gyrus (hereafter referred to as cortex, CA1, CA3, and DG, respectively), were quantified. GFP ϩ /Iba ϩ , GFP ϩ /NeuN ϩ , and GFP ϩ /GFAP ϩ double-positive cells over the entire brain sections were quantified.
Tamoxifen treatment
Tamoxifen (catalog #T5648; Sigma᎑Aldrich) was dissolved in corn oil (catalog #C8267; Sigma᎑Aldrich) at a concentration of 20 mg/ml by shaking overnight at 37°C. Dissolved tamoxifen was stored at 4°C for the duration of injections. Cx3cr1-CreERT2JϮ;mT/mG f/-mice seven to eight weeks old (either sex) were injected intraperitoneally with tamoxifen daily at 100 mg/kg body weight for five consecutive days.
Pilocarpine treatment
Status epilepticus (SE) was induced by pilocarpine as described in previous studies (Müller et al., 2009) . In brief, to minimize the peripheral cholinergic side effects of pilocarpine, 8-to 10-week-old mice of either sex were first injected intraperitoneally with 1 mg/kg methyl scopolamine (S8502; Sigma-Aldrich) in 0.9% NaCl for 10 min before injection of pilocarpine (P6503; Sigma-Aldrich). For all groups, pilocarpine administration was started at the same time of day, 9 A.M. to 3 P.M. We used a modified ramping-up pilocarpine injection protocol (Müller et al., 2009) . In brief, the first dose of 200 mg/kg pilocarpine was given to all the mice by intraperitoneal injection and fol- 
Statistical analysis
Data were analyzed using GraphPad Prism 7 software and presented as the mean Ϯ SEM.
Results
Spontaneous leakiness of Cre-dependent GFP reporter lines in the CNS
GFP reporter lines are frequently used to verify the cell specificity of Cre lines. While Cre lines have been blamed for the cause of leakiness into neurons, the reliability of Cre-dependent GFP reporter lines has not been seriously evaluated or even discussed. We started by examining the Rosa-Green f/f reporter line (stock #007906), which has been widely used. This reporter line was recently used to evaluate the microglial specificity of the constitutive B6J.B6N(Cg)-Cx3cr1 (Zhang et al., 2018) . In that study, substantial neuronal leakiness of the GFP reporter was reported. We harvested Rosa-Green f/f mouse brains at around two to six months of age and selected three sections from anatomically comparable regions for evaluation. To our surprise, 33.33% of the animals displayed significant expression of GFP reporter throughout the brain, from individually sporadic GFPpositive cells to clusters (Fig. 1A,C ; Extended Data Fig.  1-1A) . The leakiness varied significantly between the two hemispheres (Extended Data Fig. 1-1A ) and among animals even in the same age group. Among the GFPpositive cells in the cortex, Iba1 ϩ , NeuN ϩ , and GFAP ϩ populations are 2.80 Ϯ 2.45%, 17.42 Ϯ 15.66%, and 0%, respectively. In the hippocampus, Iba1ϩ, NeuNϩ, and GFAPϩ populations are 0%, 41.71 Ϯ 15.45%, and 0.47 Ϯ 0.83%, respectively. Therefore, a significant portion of GFP-positive cells are Iba1/NeuN/GFAP-triple negative in the cortex (79.8%) and hippocampus (57.8%; two males and one female). Notably, some weak NeuN-positive cells lacked typical neuronal morphology ( Fig. 1C ; Extended Data Fig. 2-1B,C) . the exact identity of these cells needs to be determined. The tdTomato line is also frequently used for cell lineage tracing. According to The Jackson Laboratory website, this line may express very low levels of red fluorescent protein (tdTomato) in the absence of cre recombinase. In addition, a very small portion of the animals was found to be very leaky, leading to the whole body becoming pinkish. Accordingly, we evaluated this reporter line. We found that the seven animals examined display significant leakage of tdTomato in the brain (four males and three females; Fig. 1B,D) . Among the tdTomato positive cells in the cortex, Iba1 ϩ , NeuN ϩ , and GFAP ϩ populations are 2.00 Ϯ 4.5%, 4.00 Ϯ 8.9%, and 0%, respectively. In the hippocampus, Iba1ϩ, NeuNϩ, and GFAPϩ populations are 0, 44 Ϯ 0.9%, 0.70 Ϯ 1.6%, and 0.88 Ϯ 1.2%, respectively. It appears that tdTomato predominantly labels vascular structures in the CNS. Accordingly, we employed lycopersicon esculentum lectin (Mazzetti et al., 2004) to label endothelial cells in the blood vessels (Extended Data Fig. 1-2A,B) . We observed that tdTomato signal is co-localized with lectin, particularly in the hippocampus. This data suggests that there is a significant leakage of tdTomato expression into the blood vessels in the CNS in the absence of cre recombinase.
The mT/mG reporter line is most frequently used in cell lineage tracing. Mice are expected to express membrane tagged-Tomato (mTomato) ubiquitously independent of cre recombinase whereas the expression of membrane tagged-GFP(mGFP) requires cre-mediated homologous recombination. Indeed, mTomato is expressed in various brain structures but is noticeably present in the hippocampal CA3 area and in the blood vessels (Extended Data Fig. 1-2C,D) . We saw that lectin is colocalized with mTomato, confirming that mTomato is highly expressed in the blood vessels. We employed an anti-GFP antibody to detect the expression of mGFP. We found no leakage of mGFP expression over the entirety of the sections from all seven mT/mG f/f mice we examined (three males and four females; Fig. 1E,F ; Extended Data Fig. 1-1B) . Therefore, we conclude that the mT/mG f/f line is a reliable reporter for evaluating Cre lines in the CNS.
The Cx3cr1-creM mouse line mediates microglial expression of floxed GFP reporters
Heterozygous Cx3cr1-CreMϮ mice were acquired from the MMRRC. This line has been maintained in a heterozygous state by crossing with wild-type mice. We mated Cx3cr1-CreMϮ mice with mice homozygous for the Rosa-Green f/f reporter to generate Cx3cr1-CreMϮ;RosaGreen f/-mice. Brains were harvested from the latter at around two months of age. We found that 99.2 Ϯ 0.3% and 99.8 Ϯ 0.16% of microglia are GFP-positive in the cortex and hippocampus, respectively (two males and three females; Fig. 2A-D) . However, we also observed several dozens of non-microglial GFP-positive cells scattered sporadically throughout the entire brain ( Fig. 2A-D ; Extended Data Fig. 2-1A-C) . NeuN ϩ /GFP ϩ and GFAP ϩ / GFP ϩ populations are 0.13 ϩ 0.5% and 0%, in the cortex, and 0% and 0.2 Ϯ 0.5% in the hippocampus, respectively. These non-microglial GFP-positive cells likely result from leakage of the Rosa-Green reporter itself. The specificity of the Cx3cr1-CreM line was further verified in Cx3cr1-CreϮ;mT/mG f/-mice ( Fig. 2E-J) . We observed (Fig. 2E,G) ; none of GFP ϩ cells are either NeuN-positive or GFAP-positive (two males and two females; Fig. 2F,H-J) . Taken together, these data suggest that the Cx3cr1-CreMϮ line drives microglialspecific expression of floxed GFP reporters.
Leakiness of the inducible Cx3cr1-creERT2 mouse line
A recent study reported that the Cx3cr1-CreERT2 line (Parkhurst et al., 2013 ) has a significant leakage into neurons (Zhang et al., 2018) . Another Cx3cr1-CreERT2 mouse line was developed by Jung et al. (2000) . This prompted us to determine whether this line, too, has any leakiness into neurons. We crossed this inducible line with an mT/mG f/f reporter line and mGFP expression was detected by anti-GFP antibody. We found that Cx3cr1-CreERT2JϮ;mT/mG f/-mice displayed significant expression of GFP reporter in microglia even without tamoxifen treatment (one male and two females; Fig. 3A-F) . In vehicle treated mice, up to 18.9 Ϯ 4.3% and 23.0 Ϯ 3.4% of Iba1 ϩ cells are GFP positive in the cortex and hippocampus, respectively. After tomaxifen treatment, all Iba1 ϩ cells are GFP positive (two males and one female). Again, none of GFP positive cells are either NeuN-or GFAPpositive. These data suggest that in this Cx3cr1-CreERT2J mouse line, Cre-ERT2 recombinase possesses some basal enzymatic activity independent of tamoxifen. However, the Cre-dependent expression is nearly completely restricted to microglia (Fig. 3A-F) .
Transient Cx3cr1 activity in neurons and astrocytes following excitatory injury
Cx3cr1 was reported to be expressed in cultured neurons and induced in neurons and astrocytes following brain ischemia and severe seizures, respectively (Meucci et al., 2000; Yeo et al., 2011; Dworzak et al., 2015; Wang et al., 2018) . It was postulated that leakiness into neurons was due to transient expression of Cx3cr1. However, there is no reliable anti-Cx3cr1 antibody available. It is unclear whether the transient induction of Cx3cr1 reported in neurons and astrocytes is real. Moreover, the Cx3cr1-GFP mouse line did not show any leakage of the GFP reporter into neurons and astrocytes under excitatory conditions (Kim et al., 2015) . Nevertheless, we evaluated transient Cx3cr1 activity in Cx3cr1-CreMϮ;RosaGreen f/- (Fig. 4A-D) and Cx3cr1-CreMϮ;mT/mG f/-mice ( Fig. 4E-H) . Animals around eight weeks of age were treated with pilocarpine to induce SE for 4 h. Mouse brains were harvested 3 d post-SE. In Cx3cr1-CreMϮ; Rosa-Green f/-, we found that 98.8 Ϯ 1.1% and 99.6 Ϯ 0.24% of GFP ϩ cells were Iba1-positive in the cortex and hippocampus, respectively (two males and one female). Among the other GFP ϩ cells, only 0.31 Ϯ 0.54% and 0.07 Ϯ 0.13% are NeuN positive in the cortex and hippocampus, respectively and none of them are GFAP-positive (Fig. 4A-D) . Those non-microglial GFP-positive cells are presumably from the spontaneous leakiness of the RosaGreen f/f reporter. Moreover, in Cx3cr1-CreϮ;mT/mG f/-mice, we observed that nearly all GFP-positive cells were microglia (99.9 Ϯ 0.13% in the cortex and 100% in the hippocampus; two males and one female; Fig. 4E-H) . We saw few, if any, NeuN ϩ /GFP ϩ or GFAP ϩ /GFP ϩ doublepositive cells. Thus, our data confirm there is little or no transient Cx3cr1-driven Cre activity in neurons or astrocytes in brains that experienced SE.
Discussion
A reliable microglial-specific Cre line is essential for elucidating the role of microglia in normal CNS function and neurologic disorders. Over the past four to five years, multiple Cx3cr1-Cre lines have been developed for targeting microglia. Unfortunately, leakiness of cre activity into neurons has become a major concern (Zhang et al., 2018) . Leakiness is a confounding factor that significantly limits the usefulness and interpretation of the data generated, and greatly discourages the use of these lines. In the present study, we unexpectedly found that the RosaGreen f/f reporter line used in a previous study by other researchers (Zhang et al., 2018) shows spontaneous leakiness into non-microglial cells in the absence of cre recombinase. This cre-independent leakage likely accounts, at least in part, for the GFP-positive nonmicroglial cells observed in that previous study (Zhang et al., 2018) . We have also confirmed that the Cx3cr1-CreM line from MMRRC is reasonably microglia specific. The inducible Cx3cr1-CreERT2 line developed by Jung et al. (2000) , displayed some basal cre activity without tamoxifen treatment, but this expression was restricted to microglia. Finally, we did not find any significant transient Cx3cr1 activity in neurons and astrocytes under the conditions that animals have experienced excitatory injury.
Many cre-dependent fluorescence-based reporter lines have been created for cell-lineage tracing. These reporter lines are also frequently used to evaluate the specificity and recombination efficiency of Cre lines. One would naturally expect that the floxed-fluorescecnt reporter lines are cre dependent. Surprisingly, however, the RosaGreen f/f and tdTomato f/f lines displayed spontaneous leakiness independent of cre recombinase. Our study suggests that the Rosa-Green f/f reporter line itself could Fig. 1-1, Fig. 1-2, Fig.1-3 . contribute to the leakage into neurons and other cells that was noted by others (Zhang et al., 2018) . In the tdTomato mouse line, we observed cre recombinase-independent leakage predominantly in the hippocampus, which is consistent with what is described at The Jackson Laboratory website, that the donating investigator reported a low level of fluorescent activity in this line. Of note, occasionally, a small fraction of tdTomato mice displayed very broad spontaneous leakage. The entire mouse body can turn pinkish in color. Therefore, caution is needed when implementing this reporter line.
Among the three fluorescent reporters tested, the mT/mG reporter line appears to consistently deliver GFP reporter expression in a cre-dependent manner, not only in the present study, but also in many other studies (Zhao et al., 2018) . The exact mechanism of spontaneous leakiness of the fluorescent reporter lines seen in the RosaGreen f/f and tdTomato f/f lines remains unclear. However, given the variable leakiness of fluorescent reporter lines, it is advisable to include the reporter line(s) as a control, with a thorough analysis. According to the description on The Jackson Laboratory website, the constitutive Cx3cr1-Cre line created by Jung et al. (2000) , displays leakiness into neurons when crossed with a yellow fluorescent protein (YFP) reporter line. No data were provided. The leakiness of this Cx3cr1-Cre line was recently reported, but in conjunction with a Rosa-Green f/f reporter line (Zhang et al., 2018) . Given that the Rosa-Green f/f reporter line itself has spontaneous leakiness, this complicates the data interpretation. The YFP reporter line was used to verify two inducible Cx3cr1-CreERT2 lines (Jung et al., 2000; Parkhurst et al., 2013) . No leakiness was reported in those studies. If the YFP reporter line has no spontaneous leakiness, then the constitutive Cx3cr1-Cre line developed by Jung et al. (2000) , and which is now available at The Jackson Laboratory, is not microglia specific.
In the present study, we verified that the constitutive Cx3cr1-CreM line from the MMRRC is microglia specific. We reached this conclusion based on our data from two reporter lines. Notably, this Cre-line was also deployed in a recent study by Hwang et al. (2017) , who found it to drive microglial-specific expression of a reporter. However, the authors also briefly mentioned that ϳ 10% of their animals displayed significant leakage into neurons, but the data were not provided (Hwang et al., 2017) . Moreover, in the same study, the GFP reporter line was created by the researchers themselves. Therefore, a thorough study of spontaneous leakiness of Hwang's reporter line is called for. It will be interesting to see whether their own GFP reporter line has any occasional spontaneous leakage.
The inducible Cx3cr1-CreERT2 mouse line that was developed by Parkhurst et al., displayed a reasonable level of microglial-specificity in their hands (Parkhurst et al., 2013) . However, Zhang et al. (2018) reported that this line has significant leakage into neurons. Because the Rosa-Green f/f reporter used by Zhang et al. (2018) displays spontaneous leakage into neurons (as we showed here), further study is required to reconcile the discrepancy. Cx3cr1-CreERT2 developed by Jung et al. (2000) was reported to drive microglia-specific expression. We found that this inducible line can drive expression of GFP reporter in a fraction of microglia before tamoxifen treatment. Thus, the cre activity in this line is not fully dependent on tamoxifen. Nevertheless, tamoxifen treatment led to broad expression of GFP reporter in microglia, without significant leakage into neurons. In the study by Zhao et al. (2018) , this line was employed to deplete TSC1 in microglia. On tamoxifen treatment, a fraction of mice displayed spontaneous seizures. In contrast, no spontaneous seizures were observed in the other study (Zhang et al., 2018 ) that used the Cx3cr1-CreERT2 mouse line developed by Parkhurst et al. (2013) . It is unclear whether this Cx3cr1-CreERT2 inducible line has cre activity leakage in the absence of tamoxifen. The partial tamoxifenindependent cre activity observed in the Cx3cr1-CreERT2 line developed by Jung et al. (2000) , indicates potential embryonic deletion of TSC1 in a fraction of microglia, which may explain the differences in seizure susceptibility observed in these two studies (Jung et al., 2000; Zhang et al., 2018; Zhao et al., 2018) .
All four microglia-targeting Cre lines were created using a BAC strategy, which involves insertion of a large piece of DNA containing not only the gene promoter of interest, but also many other regulatory elements that help to yield the expected expression pattern of the endogenous gene (Gong et al., 2003 (Gong et al., , 2007 . A drawback of this approach is it may cause duplication of the genes brought in within the BAC constructs. This may create issues related to increased gene dosage, which could have unexpected effects, including genetic instability and ectopic gene expression. It is preferable to maintain BAC transgenic lines in a heterozygous state. This should be adopted as a standard practice when handling cre and reporter lines created with BACs.
While the Cx3cr1 gene is described as being very specific to microglia in an unperturbed CNS, several studies have suggested otherwise. Meucci et al. (2000) reported that Cx3cr1is expressed in cultured neurons and promotes neuronal survival. It is unclear how relevant this is to the in vivo condition. Wang et al., reported that transient expression of Cx3cr1 in neurons is neuronal protective in an ischemic model (Wang et al., 2018) . However, oddly, the IHC data showed that the majority of Cx3cr1-positive cells were neurons and very few, if any, were microglia. Yeo et al. (2011) reported that pilocarpinetriggered SE induced very moderate expression of Cx3cr1 in astrocytes, but again the IHC data are puzzling. Nearly 100% of the Cx3cr1-positive cells were astrocytes. Then, where were the microglia? In the absence of a reliable anti-Cx3cr1 antibody, it is hard to draw any conclusions from these studies. In contrast, our data with reporter lines suggest there is very minimal, if any, transient Cx3cr1 activity in neurons or astrocytes following excitatory injury.
In summary, Cre lines are genetic tools essential for studying gene function in a cell-specific manner. A large array of fluorescent reporter lines has been created for cell lineage tracing and evaluating the cell specificity of many Cre lines. However, the reliability of reporter lines should not be presumed. Our study strongly suggests that both cre and reporter lines need to be thoroughly evaluated. 
